The relationships between white spruce radial increment and wood properties were investigated in relation to tree and stand attributes using data from mature white spruce stands in the boreal forest of western Canada that experienced a range of shelterwood treatments. The model with the highest predictive ability was radial increment (adj-R 2 = 67%) and included crown attributes, diameter at breast height (DBH), average height of competitors, and a climate index. Radial growth was positively related to live crown ratio, whereas wood density and modulus of elasticity were negatively correlated to the crown attribute. Tree slenderness had a significant negative effect on wood density and modulus of elasticity, as it reflects the mechanical stability requirement of the tree. The models consistently improved when using annual averages calculated over longer periods of time. However, when the annual averages were calculated using time periods of 5-10 and 10-20 years prior to sampling, the predictive ability of the models decreased, which indicated that the current tree and stand conditions were the best predictors of growth and wood properties up to five years prior to sampling. This study suggests that crown length equal to 2/3 of the tree height might represent an optimal balance between radial growth and wood quality.
Introduction
White spruce (Picea glauca (Moench) Voss) has high ecological and economic value and is a key component of the boreal forests of North America. Radial growth rates and wood and fibre characteristics have important effects on the mechanical properties of wood and fibre products (e.g., [1] [2] [3] ), therefore, accurate tree level estimates of these factors can improve planning of wood flow to industrial plants and can add value to wood products [4] .
Shelterwood systems affect total stand density and therefore the resources available for tree growth by partially removing the overstory canopy while protecting the advanced regeneration in the understory [5] . These treatments also have a strong influence on tree crown characteristics which in turn have direct effects on wood formation and fibre properties [6] . Several studies have also shown that site characteristics [7] , climate [8] and genotype [9] are important factors to be considered when investigating wood and fibre properties.
Several models have already indicated a strong link between white spruce radial growth and: 1-competition levels [10] , and 2-climate [11] . Likewise, wood properties have been successfully Treatments had been completed by Canadian Forest Service staff between 1952 and 2000 on the various study sites. Soils are predominantly luvisolic with medium to fine texture. Crown information (e.g., crown radius, crown length) was collected on the white spruce trees that were either destructively sampled (i.e., four trees per treatment at each site) or cored (i.e., seven trees per treatment at each site). The trees were randomly selected based on the average tree size in the plot in order to be representative of the range of diameter size classes of each site. Cores or tree cookies were taken at breast height. The cored trees were sampled at breast height only, whereas the disked trees had disks taken at five heights along the tree, for more in-depth analysis (not included in this study). Destructive sampling was restricted, as the trees were sampled from long-term Permanent Sample Plots, thus the cored trees were added to obtain a larger sample size. On both the cored and destructively sampled trees, the same height and crown attributes were measured, and the same methodology was followed on non-and destructively sampled trees.
The total number of white spruce trees selected was 218. For the sampled trees age ranged between 29 and 153 years (average = 69 years), diameter at breast height (DBH) ranged between 14.4 cm and 35.9 cm (average = 21.7 cm) and height ranged between 9.9 m and 32.1 m (average = 18.2 m). The crown attributes of each measured tree included: crown radii and crown length in four cardinal directions, while competition measurements included: diameter (i.e., DBH), height and distance from the subject tree for every tree within a 6 m radius. The height to the base of the live crown ranges from 0.8 to 18.8 m (average = 8.5 m) and the crown extended below breast height (1.3 m) for only two of the sampled trees (0.9% of total). This information suggests that the dataset is likely composed exclusively by mature wood.
The disks and cores collected were analyzed at the FPInnovations laboratory in Vancouver, British Columbia, Canada using the SilviScan™ system [13] . SilviScan™ combines image analysis, X-ray densitometry, and X-ray diffractometry to provide multiple wood and fibre properties including pith-to-bark profiles of wood density (WD), microfibril angle (MFA), and modulus of elasticity (MOE).
Several preliminary tests explored the correlation between average current tree and stand variables available at the time of sampling and annual: (1) radial area increment; (2) wood density (WD); (3) microfibril angle (MFA); and (4) modulus of elasticity (MOE). The base model was built Treatments had been completed by Canadian Forest Service staff between 1952 and 2000 on the various study sites. Soils are predominantly luvisolic with medium to fine texture. Crown information (e.g., crown radius, crown length) was collected on the white spruce trees that were either destructively sampled (i.e., four trees per treatment at each site) or cored (i.e., seven trees per treatment at each site). The trees were randomly selected based on the average tree size in the plot in order to be representative of the range of diameter size classes of each site. Cores or tree cookies were taken at breast height. The cored trees were sampled at breast height only, whereas the disked trees had disks taken at five heights along the tree, for more in-depth analysis (not included in this study). Destructive sampling was restricted, as the trees were sampled from long-term Permanent Sample Plots, thus the cored trees were added to obtain a larger sample size. On both the cored and destructively sampled trees, the same height and crown attributes were measured, and the same methodology was followed on non-and destructively sampled trees.
Several preliminary tests explored the correlation between average current tree and stand variables available at the time of sampling and annual: (1) radial area increment; (2) wood density (WD);
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Linear and non-linear mixed effect models were tested to account for the hierarchical structure of the dataset (i.e., treatments nested within sites and sites nested within the study). The base model was built by testing and retaining only those explanatory variables that were significant at α = 0.05 and that improved the overall predictive ability of the model. The models were compared using several criteria including: (1) Akaike's information criterion (AIC, [15] ); (2) the coefficient of determination (Adjusted-R 2 , [16] ); and, (3) residual plots. Parameter estimation for the mixed effects model was completed using the NLME statistical package in R (version 3.1.2) [17] .
Variables related to the crown attributes of the subject tree were tested first (i.e., crown radius, crown length, live crown ratio, crown volume, crown projected base area, crown lateral surface area) followed by the remaining tree variables related to the subject tree (i.e., tree age, DBH, height, and tree slenderness). The estimates of competition within 6 m of the subject trees were then added to the model (i.e., DBH sum, BA sum, basal area of larger trees within the plot (BALT), average height of the competitors, average distance of the closest competitor per quadrant, average height of the competitors divided by the average distance and number of competitors. Finally, several climate variables were calculated for each site using the software ClimateNA (version 5.10) [12] , including: mean annual temperature (MAT), mean warmest month temperature, mean coldest month temperature, mean annual precipitation (MAP), mean summer precipitation (MSP), precipitation as snow (PAS), annual heat-moisture index (i.e., AHM = (MAT + 10)/(MAP/1000)), growing degree-days above 5˝C and 18˝C. These variables were averaged over the five-year period (2005) (2006) (2007) (2008) (2009) prior to the field measurements and added to the model (Table 2) . The base models selected for radial growth and wood properties were then tested using the annual averages over longer periods of time (i.e., five, ten and 20 years), and for older time periods including average values for the 5-10 and 10-20 years prior to sampling.
Results
The site level random effect was removed from the final equations because it did not improve the overall predictive ability of the model. This outcome is likely related to the inclusion of stand and climate variables that already capture most of the variability between sites. 
Radial Area Increment
The results for the average annual radial area increment over three years indicated that the model improved (lower AIC and higher adjusted R-square) when more variables were added to the model up to a total of five variables (Table 3 ). The final model Equation (1) included: live crown ratio, crown radius, DBH, average height of the competitors, and AHM.
where Y ijz is average annual radial area increment over three years (cm 2 /year) of tree z, in treatment j, in site i; LCR jz , Live crown ratio of the subject tree; CrRad jz , Crown Radius (m) of the subject tree; DBH jz , Diameter at Breast Height of the subject tree (cm); HtCAv jz , average height of competitors (m) for each subject tree; AHM i , Annual Heat-Moisture index for each site; a n (n = 0, 1, 2, 3, 4, and 5) are the fixed effects parameters; au 1 is the random effect (normally distributed with mean zero and an unknown variance component) relative to LCR jz for tree z, in treatment j; the ε ijz term represents the unexplained error. Table 3 . Average annual radial area increment over three years: parameter estimates reported with standard error and goodness-of-fit for Equation (1). Akaike's information criterion (AIC) and adjusted-R 2 values for the fixed effects and treatment-level mixed effects models are included for comparison. Adjusted R-square values for the final model were: 49% for the fixed effect model (i.e., au 1 = 0), and 67% for the mixed effect model with treatment as the random effect (RMSE = 10.7%) ( Table 3 and Figure 2 ). The coefficient values of Equation (1) (Table 3) . The overall predictive ability of the model improved as the annual average of basal area increment was calculated over increasingly longer periods of time (i.e., 5, 10, and 20 years) ( Table 4 ). The climate variable AHM was not significantly different from zero for the two longer time periods (i.e., 10 and 20 years). However, the predictive ability of the model decreased (i.e., higher AIC) when radial area annual increment over the 5-10 and 10-20 year periods (prior to sampling) were tested. The overall predictive ability of the model improved as the annual average of basal area increment was calculated over increasingly longer periods of time (i.e., 5, 10, and 20 years) ( Table 4 ). The climate variable AHM was not significantly different from zero for the two longer time periods (i.e., 10 and 20 years). However, the predictive ability of the model decreased (i.e., higher AIC) when radial area annual increment over the 5-10 and 10-20 year periods (prior to sampling) were tested. The overall predictive ability of the model improved as the annual average of basal area increment was calculated over increasingly longer periods of time (i.e., 5, 10, and 20 years) ( Table 4 ). The climate variable AHM was not significantly different from zero for the two longer time periods (i.e., 10 and 20 years). However, the predictive ability of the model decreased (i.e., higher AIC) when radial area annual increment over the 5-10 and 10-20 year periods (prior to sampling) were tested. 
Wood Density
The results for average annual wood density over three years indicated that the model improved (lower AIC and higher adjusted R-square) when more variables were added to the model up to a total of three variables ( Table 5 ). The final model Equation (2) included: live crown ratio, tree slenderness; and the climate variable DD18 (i.e., growing degree days above 18˝C).
where Y ijz is average annual wood density over three years (g/cm 2¨y ear´1) of tree z, in treatment j, in site i; LCR jz , Live Crown ratio of the subject tree; HD jz , Height to Diameter ratio of the subject tree; DD18i, Growing Degree Days above 18˝C of each site; a n (n = 0, 1, 2, and 3) are the fixed effects parameters; au 1 is the random effect (normally distributed with mean zero and an unknown variance component) relative to LCR jz for tree z, in treatment j; the ε ijz term represents the unexplained error. The adjusted R-square values of the final model were: 34% for the fixed effect model (i.e., au 1 = 0), and 38% for the mixed effect model with treatment as the random effect (RMSE = 10.3%) ( Table 5 and Figure 4) . The coefficient values of Equation (2) indicated that wood density: (1) decreased as LCR (a 1 =´0.0661430) ( Figure 5 ) and slenderness (a 2 =´0.0978845) of the subject tree increased; and, (2) increased as the climate variable DD >18 (a 3 = 0.0004606) increased (Table 5) .
Forests The adjusted R-square values of the final model were: 34% for the fixed effect model (i.e., au1 = 0), and 38% for the mixed effect model with treatment as the random effect (RMSE = 10.3%) ( Table 5 and Figure 4 ). The coefficient values of Equation (2) indicated that wood density: (1) decreased as LCR (a1 = −0.0661430) ( Figure 5 ) and slenderness (a2 = −0.0978845) of the subject tree increased; and, (2) increased as the climate variable DD >18 (a3 = 0.0004606) increased (Table 5 ). The overall predictive ability of the model improved (i.e., lower AIC) as the annual average of wood density was calculated over increasingly longer periods of time (i.e., five, ten, and 20 years) ( Table 6 ). Live crown ratio and the climate variable DD >18 were not significantly different from zero for the five and ten-year time periods, respectively. However, the predictive ability of the model decreased (i.e., lower adjusted R-square) when annual wood density over the 5-10 and 10-20 year periods (prior to sampling) were tested. . Predicted values of average annual three-year wood density Equation (2) by treatment (thin lines) in relation to LCR of the subject tree. The thicker black line represents the fitted values at the study level (i.e., fixed effects).
The overall predictive ability of the model improved (i.e., lower AIC) as the annual average of wood density was calculated over increasingly longer periods of time (i.e., five, ten, and 20 years) ( Table 6 ). Live crown ratio and the climate variable DD >18 were not significantly different from zero for the five and ten-year time periods, respectively. However, the predictive ability of the model decreased (i.e., lower adjusted R-square) when annual wood density over the 5-10 and 10-20 year periods (prior to sampling) were tested. Table 6 . Average annual wood density, parameter estimates reported with standard error and goodness-of-fit for Equation (2) using time periods of 3, 5, 10, and 20 years. AIC and the adjusted R-square values for the fixed effects and treatment-level mixed effects versions are included for comparison. 
Annual

Microfibril Angle (MFA)
The results for average annual MFA over three years indicated that the model improved (lower AIC and higher adjusted R-square) when more variables were added to the model up to a total of three variables ( Table 7 ). The final model Equation (3) included: live crown ratio of the subject tree, average height of the competitors, and the climate variable PAS (i.e., precipitation as snow).
where Y ijz , average annual MFA over three years (˝C/year) of tree z, in treatment j, in site i; LCR jz , Live crown ratio of the subject tree; HtCAv jz , Average Height of the Competitors of the subject tree; PAS i , Precipitation as Snow of each site; a n (n = 0, 1, 2, and 3) are the fixed effects parameters; au 1 is the random effect (normally distributed with mean zero and an unknown variance component) relative to LCR jz for tree z; in treatment j, the ε ijz term represents the unexplained error. The adjusted R-square values of the final model were: 10% for the fixed effect model (i.e., au 1 = 0), and 11% for the mixed effect model with treatment as the random effect (RMSE = 7.6%) ( Table 7) . The plots representing the goodness-of-fit suggested that the residuals for the base model of MFA are relatively skewed (Figure 6 ). The coefficient values of Equation (3) indicated that MFA increased as LCR (a 1 = 3.925477) of the subject tree increased (Figure 7) , decreased as the average height of the competitors increased (a 2 =´0.004247), and decreased as the climate variable PAS (precipitation as snow) (a 3 =´0.059424) increased (Table 7 ). The overall predictive ability of the model improved (i.e., lower AIC) as the annual average of MFA was calculated over increasingly longer periods of time (i.e., 5, 10, and 20 years) ( Table 8 ). The adjusted R-square values for fixed and mixed effect models suggested that, for the time periods longer than three years, the random effect represented by treatment did not improve the overall predictive ability of the model. However, the predictive ability of the model decreased (i.e., higher AIC) when annual MFA over the 5-10 and 10-20 year periods (prior to sampling) were tested. The overall predictive ability of the model improved (i.e., lower AIC) as the annual average of MFA was calculated over increasingly longer periods of time (i.e., 5, 10, and 20 years) ( Table 8 ). The adjusted R-square values for fixed and mixed effect models suggested that, for the time periods longer than three years, the random effect represented by treatment did not improve the overall predictive ability of the model. However, the predictive ability of the model decreased (i.e., higher AIC) when annual MFA over the 5-10 and 10-20 year periods (prior to sampling) were tested. The overall predictive ability of the model improved (i.e., lower AIC) as the annual average of MFA was calculated over increasingly longer periods of time (i.e., 5, 10, and 20 years) ( Table 8 ). The adjusted R-square values for fixed and mixed effect models suggested that, for the time periods longer than three years, the random effect represented by treatment did not improve the overall predictive ability of the model. However, the predictive ability of the model decreased (i.e., higher AIC) when annual MFA over the 5-10 and 10-20 year periods (prior to sampling) were tested. 
Modulus of Elasticity (MOE)
The results for average annual MOE over three years indicated that the model improved (lower AIC and higher adjusted R-square) when more variables were added to the model up to a total of four variables ( Table 9 ). The final model Equation (4) included: live crown ratio; height to diameter ratio of the subject tree; average height of the competitors; and, the climate variable AHM.
where Y ijz , average annual MOE over three years (GPa/year) of tree z, in treatment j; in site i, LCRjz, live crown ratio of the subject tree; HD jz , Height to Diameter ratio of the subject tree; HtCAv jz , average height of the competitors; AHM i , Annual Heat-Moisture index of each site; a n (n = 0, 1, 2, 3, and 4) are the fixed effects parameters; au 1 is the random effect (normally distributed with mean zero and an unknown variance component) relative to LCR jz for tree z, in treatment j; the ε ijz term represents the unexplained error. The adjusted R-square values of the final model were: 35% for the fixed effect model (i.e., au 1 = 0), and 36% for the mixed effect model with treatment as the random effect (RMSE = 7.5%) ( Table 9 and Figure 8 ). The coefficient values of Equation (4) indicated that three-year radial area increment: 1-decreased as LCR (a 1 =´3.633662) ( Figure 9 ) and HD (a 2 =´3.162503) of the subject tree increased, 2-increased as the average height of the competitors increased (a 3 = 0.003660), and 3-decreased as the climate variable AHM (Annual Heat-Moisture index) (a 4 =´0.419140) increased (Table 9) . The adjusted R-square values of the final model were: 35% for the fixed effect model (i.e., au1 = 0), and 36% for the mixed effect model with treatment as the random effect (RMSE = 7.5%) ( Table 9 and Figure 8 ). The coefficient values of Equation (4) indicated that three-year radial area increment: 1-decreased as LCR (a1 = −3.633662) ( Figure 9 ) and HD (a2 = −3.162503) of the subject tree increased, 2-increased as the average height of the competitors increased (a3 = 0.003660), and 3-decreased as the climate variable AHM (Annual Heat-Moisture index) (a4 = −0.419140) increased (Table 9 ). The overall predictive ability of the model improved (i.e., lower AIC) as the annual average of MOE was calculated over increasingly longer periods of time (i.e., five, ten, and 20 years) ( Table 10 ). The adjusted R-square values for fixed and mixed effect models suggests that for the five and ten-year time periods the random effect represented by treatment does not improve the overall predictive ability of the model. Moreover, the climate variable AHM was not significant for the MOE annual average over the ten-year period. However, the predictive ability of the model decreased (i.e., higher AIC) when annual MOE over the 5-10 and 10-20 year periods (prior to sampling) were tested. Table 10 . Average annual MOE, parameter estimates reported with standard error and goodness-of-fit for Equation (4) using time periods of 3, 5, 10, and 20 years. AIC and the adjusted R-square values for the fixed effects and treatment-level mixed effects versions are included for comparison. Figure 9 . Predicted values of average annual three-year MOE Equation (4) by treatment (thin lines) in relation to LCR of the subject tree. The thicker black line represents the fitted values at the study level (i.e., fixed effects).
Annual
The overall predictive ability of the model improved (i.e., lower AIC) as the annual average of MOE was calculated over increasingly longer periods of time (i.e., five, ten, and 20 years) ( Table 10 ). The adjusted R-square values for fixed and mixed effect models suggests that for the five and ten-year time periods the random effect represented by treatment does not improve the overall predictive ability of the model. Moreover, the climate variable AHM was not significant for the MOE annual average over the ten-year period. However, the predictive ability of the model decreased (i.e., higher AIC) when annual MOE over the 5-10 and 10-20 year periods (prior to sampling) were tested. 
Discussion
This study indicated that live crown ratio (the ratio of crown length to tree height) was overall the best predictor of radial area growth and wood properties of white spruce. [14] also found a strong relationship between ring area and crown length when investigating Pressler's law. Likewise, several recent studies have indicated that wood density and other wood properties are strongly related to crown architecture [6, 18, 19] . Reference [20] also found that wood density of Pinus resinosa decreased as the live crown ratio increased. This study confirms that the predictive ability of radial growth and wood and fibre attribute models greatly benefit when information on crown characteristics is taken into account [21, 22] .
This study also confirmed that, for the genus Picea, ring width is often negatively correlated with wood density [23] , as indicated by the decrease in wood density as radial area increased for trees with proportionally longer crowns. Moreover, height to diameter ratio had a significant effect on wood density and MOE, as other recent studies suggest, with tree slenderness reflecting the mechanical stability requirement of the tree [24, 25] .
Competition (i.e., average height of the competitors within the plot) significantly affected radial annual increment (i.e., negative effect), MFA (i.e., negative effect) and MOE (i.e., positive effect). Many studies have indicated that white spruce growth is reduced by competition in mixed boreal forests [26] , and wood characteristics are similarly affected by competition levels [27] . The annual heat-moisture index was the more reoccurring climate variable among the candidates selected, which confirmed that both temperature and precipitation play an important role in white spruce development [28] [29] [30] . The annual heat-moisture index had a positive effect on radial annual increment but a negative effect on MOE, which indicated that a warmer and relatively drier climate enhances growth but reduces wood stiffness.
The models consistently improved when using annual averages calculated over longer periods of time, which indicated that current tree and stand attributes could explain a significant portion of the variability related to past radial growth and wood properties up to 20 years prior to sampling. This outcome is likely related to the relatively low between-ring variability for the most current increments [31] . However, when the annual averages where calculated using time periods of 5-10 and 10-20 years prior to sampling the predictive ability of the models decreased, which indicated that the current tree and stand conditions (i.e., up to five years prior to sampling) were the best predictors of radial growth and wood properties, and should be preferred over longer period of times. Moreover, at five out of the eight study sites investigated the treatment was applied less than 20 years prior to sampling and, therefore, the current tree and stand conditions do not reflect pre-treatment conditions. This study suggests that forest management treatments that aim at maximizing growth should allow for relatively longer crowns (e.g., thinning), while crown lift should be facilitated if higher wood quality is the only management goal (e.g., higher stand density, pruning). Crown length equal to 2/3 of the tree height might represent an optimal balance between radial growth and wood quality.
